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We show that the Synechocystis AbrB2 repressor of hydrogen production, down regulates
the defence against oxidative stress. The single widely conserved cysteine of AbrB2 is also
shown to play a crucial role in AbrB2 oligomerisation, and in AbrB2-mediated repression of
the hydrogenase encoding operon (hoxEFUYH ) and a wealth of other genes. Very inter-
estingly, our results indicate that this cysteine is the target of glutathionylation, which
affects the binding of AbrB2 on the hox operon-promoter DNA, as well as the stability of
AbrB2 at the non-standard temperature of 39 C. Similarly, we show that the cysteine of the
other hoxEFUYH regulator AbrB1 can also be glutathionylated in vitro. These novel findings
will certainly stimulate the in depth analysis of the influence of glutathionylation on the35 74; fax: þ33 (0) 1 69 08 80 46.
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Cysteine oxidationproduction of hydrogen, a field totally overlooked so far. They also emphasize on the
evolutionary conservation of glutathionylation, a process mostly described in eukaryotes,
so far.
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Publications, LLC.Open access under CC BY license.1. Introduction increased production of hydrogen [5]. Indeed, hydrogen pro-Cyanobacteria, the only known prokaryotes capable of
oxygenic photosynthesis, are attractive organisms for the
sustainable production of the clean fuel hydrogen [1], due to
their (i) simple nutritional requirements, (ii) effective meta-
bolism, and (iv) the powerful genetics of some species. This is
the case of Synechocystis sp. PCC6803 (hereafter Synechocystis),
the unicellular cyanobacterium that possesses a small
genome (about 4 Mb; CyanoBase: http://genome.kazusa.or.jp/
cyanobase) easily manipulable [2e4]. This is important to
improve the production and activity of the hydrogen-
producing machine. In Synechocystis, the pentameric hydrog-
enase complex HoxEFUYH, correctly matured and assembled,
uses the electrons provided by the NAD(P)H originating from
photosynthesis and/or sugar catabolism to produce hydrogen
[1]. The hoxEFUYH operon is weakly expressed [5], under the
positive control of the LexA (Sll1626; in CyanoBase) [6,7] and
AbrB1 (Sll0359) [8] regulators, and the negative regulation of
the AbrB2 (Sll0822) protein [9] that represses the hoxEFUYH
operon [5]. It is important to study the regulation of hydrogen
production, in order to better understand its role in the
metabolism of cyanobacteria and subsequently develop
powerful strategies to enhance the photoproduction of H2.
All 129 fully-sequenced cyanobacterial genomes [10]
possess at least one AbrB-encoding gene, which define three
paralogous clades, clades A and B, and a clade specific to
marine cyanobacteria [11]. Like their bacterial counterparts,
which regulate sporulation, biofilm formation, antibiotic
resistance, etc [12], cyanobacterial AbrB regulators operate in
many cellular processes. They were shown to bind to the
upstream region of the Rubisco-encoding rbc operon in Syn-
echococcus PCC7002 [13]; the Anabaena PCC7120 sodB (iron su-
peroxide dismutase) and hypC (hydrogen production) genes
[14,15]; and the hepatotoxin synthesis gene aoaC in Aphanizo-
menon ovalisporum [16,17]. In Synechocystis PCC6803, the clade A
protein AbrB1 (Sll0359) was shown to be indispensable to cell
life and to bind to the promoter regions of its own gene and of
the hoxEFUYH hydrogenase operon [8,9]. The clade B protein
AbrB2 (Sll0822) was found to be dispensable to the growth of
both the glucose-tolerant mutant [9] and the wild-type strain
[5]. In the glucose-tolerantmutant, AbrB2 appeared to regulate
numerous genes involved in nitrogen and carbon assimila-
tion, and to interact with AbrB1 [9,17,18]. In the wild-type
strain, we showed that AbrB2 represses its own gene and
the hoxEFUYH operon [5], and regulates (mostly negatively) a
large number of chromosomal genes (tolerance to metal and
oxidative stresses) and plasmid genes (unknown functions)
[19]. In this abrB2-deleted mutant, the increased expression of
the anti-oxidant genes cydAB (cytochrome bd-quinol oxidase)
and norB (nitric oxide reductase) are consistent with theduction is regarded as an anti-oxidant process that evacuates
electrons occurring in excess to prevent them to reduce mo-
lecular oxygen and produce toxic reactive oxygen species
[1,20].
A few lines of evidence indicated that cyanobacterial AbrB
regulators can be post-translationally modified, though the
nature and/or the influence of these modifications on their
regulatory activity remained unclear. The Aphanizomenon
ovalisporum AbrB1 protein was proposed to undergo N-acety-
lation andmethylation of specific threonine and lysine amino
acid residues [16]. Similarly, the Synechocystis AbrB2 protein
was proposed to exist in at least two uncharacterized forms
[18,21]. Therefore, we pursued the analysis of the Synechocystis
AbrB2 master regulator that represses hydrogen production
[5] and negatively regulates numerous anti-oxidant genes [19].
In agreement with these findings we presently show that
AbrB2 down regulates the defence against oxidative stress
mediated by the thiol oxidizing agent diamide and that this
process involves the single, widely conserved, cysteine of
AbrB2. Consistently, this cysteine operates in AbrB2 dimer-
ization, which likely involves the formation of a disulfide
bridge between two AbrB2 monomers. Furthermore, this
cysteine is the target of glutathionylation, a modification
occurring under oxidative stress conditions, which consists in
the formation of a mixed-disulfide between the cysteines
residues of a protein and a molecule of glutathione (the anti-
oxidant tripeptide g-glutamyl-cysteinyl-glycine). Moreover,
the glutathionylation of the AbrB2 cysteine is shown to affect
the binding of AbrB2 on the hox operon-promoter DNA. To our
knowledge, AbrB2 is the first cyanobacterial regulator re-
ported to undergo glutathionylation, emphasizing on the
evolutionary conservation of this process, so far mostly
described in eukaryotes [22]. These findings will certainly
stimulate the analysis of the crosstalk between hydrogen
production and the oxidative stress-responsive gluta-
thionylation-and-deglutathionylation process.2. Materials and methods
2.1. Bacterial strains, culture conditions and
hydrogenase activity assays
Synechocystis PCC6803 (hereafter Synechocystis) was grown on
mineral medium (MM [23],) at 30 C or 39 C, depending on the
experiments. For plate assays 10 ml aliquots of four fold serial
dilutions of mid-log phase cultures (2.5  107 cells mL1) were
spotted onto solid MM with or without the indicated agents.
Escherichia coli strains used for gene manipulations (TOP10;
Invitrogen), production of recombinant proteins (BL21(DE3);
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 1 3 5 4 7e1 3 5 5 5 13549Novagen), or conjugative transfer to Synechocystis (CM404) of
the temperature-controlled expression vector pFC1 [4] and its
derivatives (Supplementary Table 1) were grown on LB me-
dium at 30 C (CM404 and TOP10 cells harbouring pFC1 de-
rivatives) or 37 C (TOP10 and BL21(DE3)). Antibiotic selections
were performed as described [5], and gentamycin (Gm) was
used at the final concentrations of 25 mg mL1 for Synechocystis
and 15 mg mL1 for E. coli. Hydrogenase activities in Synecho-
cystis cells were measured as described [5].
2.2. RNA isolation, RT-PCR, quantitative PCR and
microarray analysis
RNAs were isolated and studied exactly as we described [5,19].
2.3. Production and purification of the AbrB2C34S protein
from E. coli
The mutant AbrB2C34S protein was produced and purified as
we described for the wild-type AbrB2 protein [5]. Briefly, the
abrB2C34S coding sequence was PCR amplified with specific
primers (Supplementary Table 2) and cloned into the pET14b
plasmid for in-frame fusion to the 6xHis tag (Supplementary
Table 1). The resulting pET14b-AbrB2C34S plasmid was intro-
duced into E. coli BL21(DE3) cells, which were treated with
isopropyl-b-D-thiogalactopyranoside (IPTG) to induce the
production of the 6xHis-AbrB2C34S protein, whichwas purified
by affinity chromatography to a purity greater than 95%.
2.4. Western blot analysis of the AbrB2 and HoxF
proteins
20e100 mg of Synechocystis proteins separated on 12% SDS
PAGE (Thermo scientific) were transferred (iBlot system;
Invitrogen) to nitrocellulose membrane (Invitrogen), which
were blocked for 1 h at room temperature or overnight at 4NC
with 5% non-fat milk in phosphate buffered saline (PBS).
Immunodetection was performed using the following rabbit
antibodies (Eurogentec): anti-AbrB2 (antibodies raised against
the full AbrB2 protein; this work; dilution 1:1000) and anti-
HoxF ([24]; dilution 1:5000). R800 goat anti-rabbit IgG (Invi-
trogen) were used as secondary antibodies (dilution of 1:1000),
and immune complexes were visualized by fluorescence im-
aging (Odyssey Li-Cor).
2.5. Electromobility shift assays (EMSA)
The hox promoter region JD4 [5] was PCR amplified from Syn-
echocystis DNA with specific primers (Supplementary Table 2).
Then EMSA tests were performed as described [5], except that
the 2 min DTT treatment was omitted in the reaction buffer
for the experiments performed with AbrB2 or AbrB2C34S pro-
teins that had been glutathionylated as described below
(GSSG).
2.6. In vitro glutathionylation of AbrB2 using oxidized
glutathione (GSSG) or biotinylated glutathione (bioGSSG)
The water-soluble biotinylation reagent EZ link sulfo-NHS-
Biotin (Perbio Science) was used to couple biotin to theprimary amino group of oxidized glutathione (GSSG), ac-
cording to [25]. The biotinylation reagent (40 mL, 48 mM) was
incubated with GSSG (40 mL, 32 mM) in 50 mM potassium
phosphate buffer (pH 7.2) for 1 h at room temperature,
generating BioGSSG. Then, free biotin was quenched by
adding 28 mL of 0.6 M ammonium carbonate (NH4HCO3).
AbrB2 or AbrB2C34S proteins were treated or not with alky-
lating agents (100 mM iodoacetamide (IAM) and 20 mM N-
ethylmaleimide (NEM)) for 30 min in the dark, and then
incubated for 1 h with 2 mM of BioGSSG in 30 mM TriseHCl
pH 7.9. All treatments were performed at room temperature.
Proteins were then loaded on 12% non-reducing SDS-PAGE
and analysed by western blot using anti-biotin antibodies as
described [25]. For analysis of GSSG-glutathionylated AbrB2
by MALDI-TOF mass spectrometry, recombinant protein at a
concentration of 20 mM was incubated with 5 mM GSSG in
80 mM TriseHCl pH 7.9 at 25 C. Aliquots were withdrawn at
intervals and analysed by MALDI-TOF mass spectrometry as
described [26]. As indicated, the reversibility of the gluta-
thionylation treatment was checked with a 30 min incuba-
tion with 50 mM DTT.3. Results and discussion
3.1. Construction of the abrB2-Gmr and abrB2C34S-Gm
r
DNA cassettes for in vivo analysis of the role of the single,
highly conserved, cysteine of AbrB2
In proteobacterial AbrB regulators, it is known that the
conserved cysteine lying downstream of their « AbrB-
like » domain is involved in the formation of AbrB dimers and
tetramers that operate in DNA binding and regulation [27]. By
contrast, little is known concerning the regulatorymechanism
of cyanobacterial AbrB regulators, which were observed only
under their monomeric and dimeric forms [8,9,14,15,17,18].
Thus, we pursued the analysis of the Synechocystis AbrB2
regulator (Sll0822 in CyanoBase), which was shown to repress
the hoxEFUYH hydrogenase operon [5] and to down-regulate
regulate a wealth of other genes [19]. We investigated the role
of the single cysteine residue of AbrB2 (hereafter C34 for
cysteine at position 34 of the aminoacid sequence) because it is
highly conserved in cyanobacterial AbrB regulators (data not
shown). To replace the C34 residue of AbrB2 by a serine (S), we
constructed the abrB2-Gmr (control) and the abrB2C34S-Gm
r
DNA cassettes (Supplementary Fig. 1), using specific primers
(Supplementary Table 2). After transformation in the abrB2-
null mutant (DabrB2::Kmr [5];), selecting for gentamycin resis-
tance, we verified through PCR and DNA-sequencing (data not
shown) that the abrB2-Gmr and the abrB2C34S-Gm
r cassettes
had properly replaced the DabrB2::Kmr locus (Fig. 1, panel A) in
all copies of the polyploid Synechocystis chromosome [28]. All
strains grew as fit as the wild-type strain in standard photo-
autotrophic conditions, in agreement with AbrB2 being
dispensable to cell growth [5]. We verified that the abrB2-Gmr
andabrB2C34S-Gm
r cellsproduce similar levels of the respective
abrB2 and abrB2C34S transcripts on one hand, and AbrB2 and
AbrB2C34S proteins on the other hand. The abrB2 and abrB2C34S
mRNAs were quantified with quantitative RT-PCR using with
the same abrB2-specific primers (data not shown). In parallel
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Fig. 1 e A. Schematic representation of the Synechocystis abrB2 chromosome locus in the WT strain (CyanoBase), the abrB2-
deleted mutant (DabrB2::Kmr [5],) and the two abrB2-Gmr, abrB2C34S-Gm
r mutants constructed in this study. The genes are
represented by grey (abrB2), white (Kmr and Gmr markers) or hatched (slr0846 and sll0823) boxes pointing in the direction of
their transcription. B. Western blot analysis of the abundance of the AbrB2 and HoxF proteins in the strains abrB2-Gmr,
abrB2C34S-Gm
r and DabrB2::Kmr. Equal amounts of soluble proteins were migrated on a non-reducing SDS-PAGE, and
transferred to membrane for western blotting with the indicated anti-AbrB2 or anti-HoxF antibodies. These experiments
were performed at least twice. C. Typical histogram plots of the ratios of transcript abundance (measured by quantitative
real-time PCR as described [17]) of each five hoxEFUYH genes in the abrB2-Gmr and abrB2C34S-Gm
r strains over the
DabrB2::Kmr mutant. These experiments were performed three times. D. Typical histograms showing hydrogenase activity
in DabrB2::Kmr, WT/abrB2Gmr andWT/abrB2C34SGm
r cells measured as described [5], in the presence of either 500 mM FeSO4
or 2.5 mM NiSO4 to increase hydrogenase activities. These experiments were repeated twice. E. Global comparison of the
level of expression of AbrB2-regulated genes in abrB2-Gmr versus DabrB2::Kmr cells on one hand (black regression line), and
abrB2C34S-Gm
r versus DabrB2::Kmr cells on the other hand (grey regression line). These experiments were performed at least
twice.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 1 3 5 4 7e1 3 5 5 513550experiments, antibodies specifically recognizing the AbrB2,
not the AbrB1 paralog protein (Supplementary Fig. 5), were
generated and used for western blot analyses, which showed
equal abundance of the AbrB2 and AbrB2C34S proteins (Fig. 1,panel B). Furthermore, circular dichroismanalysis of theAbrB2
and AbrB2C34S proteins confirmed that the C34S mutation did
not alter the overall AbrB2 protein structure (Supplementary
Fig. 2).
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 1 3 5 4 7e1 3 5 5 5 135513.2. The single highly-conserved cysteine of AbrB2 is
required for the AbrB2-mediated down regulation of the
hoxEFUYH hydrogenase operon
Quantitative RT-PCR was used to analyze the influence of the
C34S mutation of AbrB2 on the repression of the hoxEFUYH hy-
drogenase operon. Total RNAs isolated from the abrB2-Gmr,
abrB2C34S-Gm
r and DabrB2::Kmr cells were hybridized with spe-
cific RT-PCRprimers designed to amplify an internal segment of
each five genes hoxE, hoxF, hoxU, hoxY and hoxH (Supplementary
Table 2). The abundance of the five transcripts, which was
arbitrarily set to 1.0 in the case ofDabrB2::Kmr cells,was lower in
abrB2-Gmr cells as compared to abrB2C34S-Gm
r cells (Fig. 1, panel
C). Consistently, the levels of the hydrogenase activity encoded
by thehoxEFUYHoperon (Fig. 1, panelD), andof theHoxFprotein
(Fig. 1, panel B) were decreased in the strains DabrB2::Kmr,
abrB2C34S-Gm
r and abrB2-Gmr compared in that order. Collec-
tively, these findings confirm that AbrB2 down-regulates the
hoxEFUYH operon [5], and they show for the first time that the
cysteine of AbrB2 is involved in this process.3.3. The single highly conserved cysteine of AbrB2 is
involved in the AbrB2-mediated regulation of a wealth of
genes
Using new tools for global transcriptome analyses, AbrB2 was
shown to be amaster regulator that regulates a large number of
chromosomal genes operating in protection against metal and
oxidative stresses, as well as numerous plasmid genes of as yet
unknown function [19]. Hence, to test the influence of the C34S
mutation of AbrB2 in these regulations, we compared the
changes in expression of the AbrB2 down-regulated genes in
the strains abrB2-Gmr (presence of the WT AbrB2 protein)
versus DabrB2::Kmr (absence of AbrB2) on one hand, andFig. 2 e Influence of nickel and diamide on the growth of the st
serial dilutions of mid log phase liquid cultures were spotted o
incubated for 4e5 days and scanned [34]. These experiments wabrB2C34S-Gm
r (presence of the AbrB2C34S mutant protein)
versus DabrB2::Kmr (absence of AbrB2) on the other hand. The
data, analysed with the standard transcriptome criteria (fold
change of transcript abundance higher than 2.0, and p-value
lower than 0.01% [19];), showed that the changes in gene
expression were more important when comparing abrB2-Gmr
versus DabrB2::Kmr cells (presence/absence of AbrB2WT) than
abrB2C34S-Gm
r versus DabrB2::Kmr cells (presence/absence of
AbrB2C34S; Fig. 1, panel E). These results indicate that the single
cysteine of AbrB2 operates in numerous AbrB2-mediated down
regulations, thereby emphasizing on the interplay between
hydrogen production and the global cell metabolism.
3.4. Confirmation that the highly conserved cysteine of
AbrB2 is involved in the AbrB2-mediated down regulation of
the cell defences against oxidative and metal stresses
We compared the resistance of the three strains abrB2-Gmr,
abrB2C34S-Gm
r and DabrB2::Kmr to either an excess of nickel,
or the presence of the thiol oxidizing agent diamide (Fig. 2). As
expected, the absence of the AbrB2 repressor led to an
increased tolerance of Synechocystis to both metal and oxida-
tive stresses. Interestingly, the abrB2C34S-Gm
r mutant was
more resistant to both challenges than the abrB2-Gmr strain.
This finding confirmed that the C34 cysteine of AbrB2 is
required for the AbrB2-mediated down regulation of the pro-
tection against both metal and oxidative stresses.
3.5. The glutathionylation of its highly-conserved
cysteine impairs the binding of AbrB2 to the promoter of the
hoxEFUYH hydrogenase operon
Cyanobacteria are continuously challenged with the toxic
reactive oxygen species generated by photosynthesis andrains abrB2-Gmr, abrB2C34S-Gm
r and DabrB2::Kmr. Five-fold
nto MM plates with or without the indicated agents,
ere done three times.
Fig. 3 e Analysis of the glutathionylation of AbrB1 and AbrB2 with biotinylated glutathione BioGSSG. Pre-reduced 6xHis-
AbrB1, 6xHis-AbrB2 and 6xHis-AbrB2C34S proteins, treated or not with 2-iodoacetamide (IAM) and N-ethylmaleimide
(NEM), were incubated with biotinylated glutathione (BioGSSG). As indicated, the reversibility of AbrB1 and AbrB2
glutathionylation was assessed by treatment with dithiothreitol (DTT). Proteins were resolved by non-reducing SDS-PAGE
and transferred to nitrocellulose for western blotting with antibiotin antibodies. These experiments were carried out twice.
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 1 3 5 4 7e1 3 5 5 513552respiration, which can oxidize the thiol group (SH) of two
cysteinyl residues to form disulfide bonds (-S-S-) between
proteins, or between a protein and a molecule of the anti-
oxidant tripeptide glutathione (glutathione-protein mixed di-
sulfide, also termed glutathionylation). As glutathionylation is
poorly studied in cyanobacteria [29,30], in comparison to eu-
karyotes [22], we have tested whether the cysteine of AbrB2
might be glutathionylated. Following standard gluta-
thionylation procedures [25], we independently incubated the
AbrB2 and AbrB2C34S proteins with biotinylated glutathione
(BioGSSG) and analysed the possible presence of glutathione
adducts on these proteins by western blot using an anti-biotin
antibody (Fig. 3). A clear glutathionylation signal was observed
in the case of AbrB2, but not of the cysteine-less AbrB2C34S
protein that cannot be glutathionylated. To confirm AbrB2
glutathionylation, we verified that it could be either preventedFig. 4 e Electrophoretic migration-shift assay of the binding of
promoter of the hoxEFUYH operon. The DIG-labelled hoxEFUYH p
purified 6xHis-AbrB2 and 6xHis-AbrB2C34S proteins, which had
the glutathionylation of 80% of the 6xHis-AbrB2 protein, and 0%
brace brackets indicate the positions of the free DNA probes an
Histogram bars show relative intensities between shifted and u
These experiments were performed at least two times.by a pre-treatment of AbrB2 with the cysteine-alkylating
agents iodoacetamide (IAM) and N-ethylmaleimide (NEM)
that impair glutathionylation, or reversed by a post-treatment
with the disulfide reducing agent DTT (Fig. 3). AbrB2 gluta-
thionylation was further confirmed by direct visualization
with MALDI-TOF mass spectrometry. Indeed, a clear increase
in the AbrB2 mass of approximately 306 Da, consistent with
the formation of one glutathione adduct per AbrB2 monomer,
was observed (Supplemental Fig. 3). The area corresponding to
the shifted peak increased with treatment duration and
reached more than 80% after 2 h incubation with GSSG. We
again verified that AbrB2 glutathionylation could be reversed
with DTT. Furthermore, the absence of glutathionylation of
the cysteine-less AbrB2C34S protein was also verified (data not
shown). These data showing that the unique cysteine of AbrB2
can be glutathionylated are significant because manythe 6xHis-AbrB2 and 6xHis-AbrB2C34S proteins to the
romoter DNA [5] was incubated with increasing amounts of
been pre-treated or not for 6 h with 5 mM GSSG, leading to
of the cysteine-less His6-AbrB2C34S protein. Arrows and
d the retarded DNA-protein complexes, respectively.
nbound DNA signals, quantified with the ImageJ software.
Fig. 5 eWestern blot analysis of the abundance of the
AbrB2 protein in the strainsWT/pFC1-abrB2 andWT/pFC1-
abrB2C34S cultivated at 30 C and then shifted to 39 C for
12 h, 24 h or 48 h. 20 mg of soluble proteins were migrated
on a non-reducing SDS-PAGE, transferred to membrane for
western blotting with the indicated anti-AbrB2 antibody.
The arrows indicate the AbrB2 monomers and AbrB2
dimers (possibly heterodimers with AbrB1), and an
unspecifically detected protein. These experiments were
carried out twice.
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 1 3 5 4 7e1 3 5 5 5 13553cysteine-containing proteins have been shown to be totally
refractory to glutathionylation [31].
Then, the influence of the C34 cysteine of AbrB2, before or
after glutathionylation, on the AbrB2 binding to the hoxEFUYH
operon promoter was studied with electrophoretic migration
shift assays [5]. The AbrB2 and AbrB2C34S proteins displayed a
similar DNA binding ability, which was reduced by the glu-
tathionylation pretreatment in the case of AbrB2, not of the
cysteine-less AbrB2C34S protein that cannot be glutathiony-
lated (Fig. 4). Together, these results indicate that the DNA-
binding activity of AbrB2 is influenced by steric hindrance of
its amino-acid residues at position 34 (the lower, the better).
They also indicate, for the first time, that the activity of a
cyanobacterial transcription factor can be controlled by glu-
tathionylation, a process totally overlooked in cyanobacteria
so far [29]. In other prokaryotes, only the OxyR regulator is
known to be controlled by glutathionylation [32]. We think
that our findings will stimulate the in-depth investigation of
the relationships between hydrogen production and gluta-
thionylation (oxidative stress). To strengthen the interest in
such studies we showed that AbrB1, which regulates the
hoxEFUYH operon [8,9] and interacts with AbrB2 [17], can also
be glutathionylated in vitro like AbrB2 (Fig. 3). Thus, it will be
interesting in the future to analyze the influence of the glu-
tathionylation of AbrB1 and AbrB2 on their interaction and
their regulation of hydrogen production.
3.6. The high-level production of AbrB2 is detrimental to
cell growth at 39 C
To fully investigate the role of the AbrB2 C34 cysteine we also
studied the influence of the C34S mutation, using the pFC1
replicating plasmid for temperature-controlled protein pro-
duction [4]. We previously showed that Synechocystis cells
propagating the pFC1-abrB2 vector (designated as WT/pFC1-
abrB2) tightly control the production of AbrB2, i.e. no produc-
tion at 30 C (the standard growth temperature) and strong
production after 24 h of induction at 39 C [5]. During the time
course of the present study, we noticed that WT/pFC1-abrB2
cells stopped growing after two days at 39 C (Supplementary
Fig. 4, panel A) and turned yellowish due to loss of photo-
synthetic pigments (Supplementary Fig. 4, panel B), whereas
WT cells retained healthy growth and normal blue-green
colour. By contrast, both the WT/pFC1-abrB2 and WT strains
grew similarly well at 30 C because they expressed only the
chromosomal WT abrB2 gene. These results show that the
39 C-induced accumulation of AbrB2 (Fig. 5) impairs cell
fitness by an unknown process, which likely results from the
altered expression of the numerous genes (more than 300)
regulated by AbrB2 [19].
3.7. The cysteine to serine mutation of AbrB2 abolishes
the cell killing effect promoted by the accumulation of AbrB2
driven by a heat-inducible expression vector
To study the influence of the AbrB2 C34 cysteine on the
lethality triggered by the accumulation of AbrB2 at 39 C, the
abrB2C34S gene (Supplementary Fig. 1) was cloned into pFC1 as
we did previously for the WT abrB2 allele [5]. The resulting
pFC1-abrB2C34S plasmid was introduced in Synechocystis,yielding the WT/pFC1-abrB2C34S strain. At 30 C, where only
the chromosomal WT abrB2 alleles are expressed, all three
strains WT, WT/pFC1-abrB2 and WT/pFC1-abrB2C34S dis-
played the same healthy growth and normal pigment abun-
dance (Supplementary Fig. 4, panels A and B). At 39 C where
similar high-level expression of the plasmid genes abrB2 and
abrB2C34S were induced (Supplementary Fig. 4, panel C), only
WT and WT/pFC1-abrB2C34S cells retained normal levels of
growth and pigments (Supplementary Fig. 4), whereas WT/
pFC1-abrB2 cells died rapidly (Supplementary Fig. 4).3.8. The single, highly-conserved, cysteine of AbrB2 is
critical to in vivo stability of the AbrB2 protein at 39 C, not
at 30 C
To study why similar high-quantities of the plasmid-driven
abrB2 and abrB2C34S transcripts (Supplementary Fig. 4, panel
C), either impaired (abrB2) or not (abrB2C34S) cell growth at
39 C (Supplementary Fig. 4, panel A), we used western blot to
analyze the abundance of the AbrB2 and AbrB2C34S proteins in
respectively WT/pFC1-abrB2 and WT/pFC1-abrB2C34S cells.
The AbrB2 protein was highly abundant in WT/pFC1-abrB2
cells incubated at 39 C, where it occurred as both monomers
and dimers of similar abundances (Fig. 5). By contrast, the
AbrB2C34S protein was not accumulated inWT/pFC1-abrB2C34S
cells where no AbrB2C34S dimers could be observed (Fig. 5). The
difference in abundance of the AbrB2 and AbrB2C34S proteins
cannot be ascribed to cell death and lysis, because it is theWT/
pFC1-abrB2 cells, not the WT/pFC1-abrB2C34S cells that were
killed by prolonged incubations at 39 C. The findings that
similarly abundant abrB2 and abrB2C34S transcripts translated
from the same, pFC1-encoded, efficient ribosome binding site
[4,33], yielded different steady-state levels of the AbrB2 and
AbrB2C34S proteins, indicate that the lower abundance of
AbrB2C34S is due to its lower stability, as compared to AbrB2.
Thus, we tested the influence of the temperature on the global
protein structure of the AbrB2 and AbrB2C34S proteins
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spectra monitored at either 30 C or 40 C were similar
(Supplementary Fig. 2), indicating that the single mutation
C34S did not alter the global protein structure of AbrB2.
Collectively, these findings show that the 39C-induced
accumulation of AbrB2, directed by the pFC1 expression vec-
tor, permitted the observation of the dimeric form of AbrB2,
and led to cell death. This lethality likely results from the
altered expression of the numerous genes (more than 300)
regulated by AbrB2 [19]. Our data also indicate that the single
highly conserved cysteine of AbrB2 is critical to in vivo stability
of the AbrB2 protein at 39 C, not at 30 C the standard growth
temperature.4. Conclusion
In the prospect of using cyanobacteria for the biological pro-
duction of hydrogen it is important to thoroughly study the
regulation of the hydrogen-production machine in order to
better understand its role in the global cell metabolism and
identify bottlenecks limiting H2 production. In this frame, we
pursued the analysis of the AbrB2 master regulator, which
represses the transcription of hydrogenase-encoding hox-
EFUYH operon and down-regulates numerous genes involved
in stress protection [5,19]. We confirmed these findings in
showing that the absence of AbrB2 increases the tolerance to
metal and oxidative stresses triggered by nickel and diamide.
Furthermore, we show that the single, widely conserved,
cysteine of AbrB2 plays a crucial role in all these processes
(repression of hoxEFUYH; down-regulation of stress-
responsive genes and sensitivity to Ni and diamide). More-
over, we show that this cysteine is the target of gluta-
thionylation, which affects the binding of AbrB2 on the
promoter of the hoxEFUYH operon, as well as the stability of
AbrB2 at the non-standard temperature of 39 C. We view the
role of the AbrB2 as follows. In cells growing under standard
laboratory conditions, i.e. in absence of stress, AbrB2 down-
regulates hydrogen production and other stress defences. By
contrast, in cells facing oxidative stresses triggered by light
excess or metal availabilities, which can be frequent [29],
AbrB2 is oxidized and its single cysteine is glutathionylated.
Thereafter, AbrB2 is no longer able to repress hydrogen pro-
duction thereby allowing evacuation of the extra electrons
that out-pace their need, among other anti-oxidant processes.
After recovery from oxidative stress, AbrB2 activity is restored
(likely through deglutathionylation) and starts repressing
hydrogen production and other anti-oxidant process, which
are no longer required, in order to save photosynthetic
electrons.
These novel data emphasizing the evolutionary conserva-
tion of the glutathionylation process, so far mostly described
in eukaryotes [22,30], will certainly stimulate the in depth
analysis of the influence of glutathionylation in the produc-
tion of hydrogen, a field totally overlooked so far. We are
confident in the value of such studies becausewe showedhere
that AbrB1, which interacts with AbrB2 and also regulates the
hoxEFUYH operon [8,9,17], can be glutathionylated in vitro like
AbrB2. One of the immediate question to ask is what is the
influence of the glutathionylation of these AbrB regulators ontheir interaction and its consequence on hydrogen
production.
Acknowledgements
This work was supported by the Agence Nationale de la
Recherche Grants ANR-09-BIOE-002-01 (EngineeringH2cyano)
and ANR Blanc08-0153 (GLUTAPHOTO), and CNRS (Centre
National de la Recherche Scientifique) Programme Inter-
disciplinaire Energie PIE2 (Reprogramhydrogen). J.D., S.S., P.S.,
C.L. and S.S were recipients of fellowships from the CEA (J.D.)
and ANR (S.S.; C.L.; M.O-R; V.C. and P.S.). We also thank Ce´cile
Fairhead for access to the «ArraySud transcriptome plateau
technique».Appendix A. Supplementary data
Supplementary data related to this article can be found at
http://dx.doi.org/10.1016/j.ijhydene.2013.07.124.r e f e r e n c e s
[1] Carrieri D, Wawrousek K, Eckert C, Yu J, Maness PC. The role
of the bidirectional hydrogenase in cyanobacteria.
Bioresource Technology 2011;102:8368e77.
[2] Grigorieva G, Shestakov S. Transformation in the
cyanobacterium Synechocystis sp 6803. FEMS Microbiology
Letters 1982;13:367e70.
[3] Marraccini P, Bulteau S, Cassier-Chauvat C, Mermet-
Bouvier P, Chauvat F. A conjugative plasmid vector for
promoter analysis in several cyanobacteria of the genera
Synechococcus and Synechocystis. Plant Molecular Biology
1993;23:905e9.
[4] Mermet-Bouvier P, Chauvat F. A conditional expression
vector for the cyanobacteria Synechocystis sp. strains PCC6803
and PCC6714 or Synechococcus sp. strains PCC7942 and
PCC6301. Current Microbiology 1994;28:145e8.
[5] Dutheil J, Saenkham P, Sakr S, Leplat C, Ortega-Ramos M,
Bottin H, et al. The AbrB2 autorepressor, expressed from an
atypical promoter, represses the hydrogenase operon to
regulate hydrogen production in Synechocystis strain
PCC6803. Journal of Bacteriology 2012;194:5423e33.
[6] Gutekunst K, Phunpruch S, Schwarz C, Schuchardt S,
Schulz-Friedrich R, Appel J. LexA regulates the bidirectional
hydrogenase in the cyanobacterium Synechocystis sp. PCC
6803 as a transcription activator. Molecular Microbiology
2005;58:810e23.
[7] Oliveira P, Lindblad P. LexA, a transcription regulator binding
in the promoter region of the bidirectional hydrogenase in
the cyanobacterium Synechocystis sp. PCC 6803. FEMS
Microbiology Letters 2005;251:59e66.
[8] Oliveira P, Lindblad P. An AbrB-Like protein regulates the
expression of the bidirectional hydrogenase in Synechocystis
sp. strain PCC 6803. Journal of Bacteriology 2008;190:1011e9.
[9] Ishii A, Hihara Y. An AbrB-like transcriptional regulator,
Sll0822, is essential for the activation of nitrogen-regulated
genes in Synechocystis sp. PCC 6803. Plant Physiology
2008;148:660e70.
[10] Shih PM, Wu D, Latifi A, Axen SD, Fewer DP, Talla E, et al.
Improving the coverage of the cyanobacterial phylum using
i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 8 ( 2 0 1 3 ) 1 3 5 4 7e1 3 5 5 5 13555diversity-driven genome sequencing. Proceedings of the
National Academy of Sciences of the United States of
America 2013;110:1053e8.
[11] Larsson J, Nylander JAA, Bergman B. Genome fluctuations in
cyanobacteria reflect evolutionary, developmental and
adaptive traits. BMC Evolutionary Biology 2011;11.
[12] Chumsakul O, Takahashi H, Oshima T, Hishimoto T,
Kanaya S, Ogasawara N, et al. Genome-wide binding profiles
of the Bacillus subtilis transition state regulator AbrB and its
homolog Abh reveals their interactive role in transcriptional
regulation. Nucleic Acids Research 2011;39:414e28.
[13] Onizuka T, Akiyama H, Endo S, Kanai S, Hirano M, Tanaka S,
et al. CO(2) response element and corresponding trans-acting
factor of the promoter for ribulose-1,5-bisphosphate
carboxylase/oxygenase genes in Synechococcus sp. PCC7002
found by an improved electrophoretic mobility shift assay.
Plant & Cell Physiology 2002;43:660e7.
[14] Agervald A, Baebprasert W, Zhang X, Incharoensakdi A,
Lindblad P, Stensjo K. The CyAbrB transcription factor CalA
regulates the iron superoxide dismutase in Nostoc sp. strain
PCC 7120. Environmental Microbiology 2010;12:2826e37.
[15] Agervald A, Zhang XH, Stensjo K, Devine E, Lindblad P. CalA,
a cyanobacterial AbrB protein, interacts with the upstream
region of hypC and Acts as a repressor of its transcription in
the cyanobacterium Nostoc sp strain PCC 7120. Applied and
Environmental Microbiology 2010;76:880e90.
[16] Shalev-Malul G, Lieman-Hurwitz J, Viner-Mozzini Y,
Sukenik A, Gaathon A, Lebendiker M, et al. An AbrB-like
protein might be involved in the regulation of
cylindrospermopsin production by Aphanizomenon
ovalisporum. Environmental Microbiology 2008;10:988e99.
[17] Yamauchi Y, Kaniya Y, Kaneko Y, Hihara Y. Physiological
roles of the cyAbrB transcriptional regulator pair Sll0822 and
Sll0359 in Synechocystis sp. strain PCC 6803. Journal of
Bacteriology 2011;193:3702e9.
[18] Lieman-Hurwitz J, Haimovich M, Shalev-Malul G, Ishii A,
Hihara Y, Gaathon A, et al. A cyanobacterial AbrB-like
protein affects the apparent photosynthetic affinity for CO2
by modulating low-CO2-induced gene expression.
Environmental Microbiology 2009;11:927e36.
[19] Leplat C, Champeimont R, Saenkham P, Cassier-Chauvat C,
Jean-Christophe A, Chauvat F. Genome-wide transcriptome
analysis of hydrogen production in the cyanobacterium
Synechocystis: towards the identification of new players.
International Journal of Hydrogen Energy 2013;38:1866e72.
[20] Cournac L, Guedeney G, Peltier G, Vignais PM. Sustained
photoevolution of molecular hydrogen in a mutant of
Synechocystis sp. strain PCC 6803 deficient in the type I
NADPH-dehydrogenase complex. Journal of Bacteriology
2004;186:1737e46.
[21] Sazuka T, Yamaguchi M, Ohara O. Cyano2Dbase updated:
Linkage of 234 protein spots to corresponding genes through
N-terminal microsequencing. Electrophoresis
1999;20:2160e71.
[22] Zaffagnini M, Bedhomme M, Marchand CH, Morisse S,
Trost P, Lemaire SD. Redox regulation in photosyntheticorganisms: focus on glutathionylation. Antioxidants & Redox
Signaling 2012;16:567e86.
[23] Domain F, Houot L, Chauvat F, Cassier-Chauvat C. Function
and regulation of the cyanobacterial genes lexA, recA and
ruvB: LexA is critical to the survival of cells facing
inorganic carbon starvation. Molecular Microbiology
2004;53:65e80.
[24] Aubert-Jousset E, Cano M, Guedeney G, Richaud P, Cournac L.
Role of HoxE subunit in Synechocystis PCC6803 hydrogenase.
The FEBS Journal 2011;278:4035e43.
[25] Bedhomme M, Zaffagnini M, Marchand CH, Gao XH,
Moslonka-Lefebvre M, Michelet L, et al. Regulation by
glutathionylation of isocitrate lyase from Chlamydomonas
reinhardtii. Journal of Biological Chemistry
2009;284:36282e91.
[26] Augusto LA, Decottignies P, Synguelakis M, Nicaise M, Le
Marechal P, Chaby R. Histones: a novel class of
lipopolysaccharide-binding molecules. Biochemistry
2003;42:3929e38.
[27] Olson AL, Liu F, Tucker AT, Goshe MB, Cavanagh J.
Chemical crosslinking and LC/MS analysis to determine
protein domain orientation: Application to AbrB.
Biochemical and Biophysical Research Communications
2013;431:253e7.
[28] Labarre J, Chauvat F, Thuriaux P. Insertional mutagenesis by
random cloning of antibiotic resistance genes into the
genome of the cyanobacterium Synechocystis strain PCC 6803.
Journal of Bacteriology 1989;171:3449e57.
[29] Narainsamy K, Marteyn B, Sakr S, Cassier-Chauvat C,
Chauvat F. Genomics of the pleı¨otropic glutathione system in
cyanobacteria. In: Cassier-Chauvat C, Chauvat F, editors.
Genomics of cyanobacteria. Elsevier: Academic Press; 2013.
p. 157e88.
[30] Marteyn B, Sakr S, Farci S, Bedhomme M, Chardonnet S,
Decottignies P, et al. The Synechocystis PCC6803 MerA-like
enzyme operates in the reduction of both mercury and
uranium, under the control of the glutaredoxin 1 enzyme.
Journal of Bacteriology 2013.
[31] Michelet L, Zaffagnini M, Marchand C, Collin V,
Decottignies P, Tsan P, et al. Glutathionylation of chloroplast
thioredoxin f is a redox signaling mechanism in plants.
Proceedings of the National Academy of Sciences of the
United States of America 2005;102:16478e83.
[32] Masip L, Veeravalli K, Georgiou G. The many faces of
glutathione in bacteria. Antioxidants & Redox Signaling
2006;8:753e62.
[33] Poncelet M, Cassier-Chauvat C, Leschelle X, Bottin H,
Chauvat F. Targeted deletion and mutational analysis of the
essential (2Fe-2S) plant-like ferredoxin in Synechocystis
PCC6803 by plasmid shuffling. Molecular Microbiology
1998;28:813e21.
[34] Houot L, Floutier M, Marteyn B, Michaut M, Picciocchi A,
Legrain P, et al. Cadmium triggers an integrated
reprogramming of the metabolism of Synechocystis PCC6803,
under the control of the Slr1738 regulator. BMC Genomics
2007;8:350.
